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ABSTRACT
We numerically investigate high-frequency microwave signal generation utilizing a double injection locking tech-
nique. A slave laser (SL) is strongly injected by a master laser 1 (ML1) and a master laser 2 (ML2) optically.
Stable locking states are observed when the SL is subject to optical injection by either the ML1 or the ML2
individually. By utilizing the hybrid scheme consists of double optical injections, the advantages of each individ-
ual dynamical system are added and enhanced. Comparison of the performances of the spectral width, power
ﬂuctuation, and frequency tunability between the signal generated in the double injection locking scheme and
the similar period-one (P1) oscillation signal generated in a conventional single injection scheme is studied. A
3-fold linewidth reduction is achieved by utilizing the double injection locking scheme beneﬁtted by the strong
phase-locking and high coherence when operating at the stable injection locking state. Moreover, for the double
injection locking scheme, a wide continuous tuning range of more than 100 GHz is obtained by adjusting the
detuning frequency of the two master lasers. The performances of narrow linewidth, wide tuning range, and
frequency continuity show the great advantages of the high-frequency microwave signal generated by the double
injection locking technique.
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1. INTRODUCTION
High-frequency microwave signal generated using optical techniques have been extensively studied in the recent
years.1–3 Conventionally, using electric circuits to generate the microwave signal may require many stages of
frequency multiplexing to achieve the desired frequency.4 The disadvantages in the system cost, complexity, and
short transmission distance limit the system performance. On the contrary, signals with higher frequencies can
be generated using optical techniques while reducing the system cost and the transmission loss.5
In the optical techniques, the microwave signals are ﬁrst generated in the optical domain using optical hybrid
scheme.6 The two optical waves with diﬀerent wavelengths are then beat at a photodetector to produce an electric
beat frequency corresponding to the frequency spacing of the two optical waves. To get a high-performance
microwave signal, the phases of the two optical sources must be highly coherent. Numerous techniques have
been proposed and demonstrated in the last few years to generate low-phase-noise microwave signal with the
two optical wave being locked in phase. The phase coherence can be realized by using optical injection locking7
and optical phase-locked loop.6 In a conventional single cw injection scheme8 and a P1 injection scheme,9 the
frequency of the microwave signal generated is corresponding to the oscillation frequency of the P1 state. The
frequency of the generated signal typically can be tuned in a range from about 10 to 23 GHz by varying the
injection strength and the detuning frequency between the master laser the the injected slave laser.
In this study, we investigate the microwave signal generation by nonlinear dynamics of a semiconductor
laser10,11 based on a double injections locking technique. The phase-locking is realized by using optical injection
locking without any external RF modulation.12 The high-frequency microwave signals generated by the dou-
ble injection locking technique show great performances of narrow linewidth, wide tuning range, small power
ﬂuctuation, and enhanced modulation response.
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Figure 1. Schematic setup of the double injection-locked semiconductor laser for high-frequency microwave generation.
PD: photodetector.
2. MODEL
Figure 1 shows the schematic setup of the double injection-locked semiconductor laser for high-frequency mi-
crowave generation. The slave laser (SL) is optically injected by a master laser 1 (ML1) and a master laser
2 (ML2). By controlling the injection strengths and the detuning frequency of the master laser 1 and 2, the
slave laser can be simultaneously locked by the two master lasers. High-frequency microwave signals with fre-
quencies corresponding to the detuning frequencies can be generated in the slave laser after detecting by the
photodetector. The simulation is done by using the following coupled rate equations:13
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where a is the normalized optical ﬁeld, φ is the optical phase diﬀerence, and n˜ is the normalized carrier density.
J˜ is the normalized dimensionless injection current parameter, γc is the cavity decay rate, γn is the diﬀerential
carrier relaxation rate, γp is the nonlinear carrier relaxation rate, b is the linewidth enhancement factor, γs
is the spontaneous carrier relaxation rate, and n is the eﬀective refractive index. The dimensionless injection
parameters ξ1 and ξ2 are the normalized strength of the injection ﬁeld received by the slave laser from master laser
1 and master laser 2, respectively. The Ω1 and Ω2 are the frequency detuning from the ML1 and ML2 to the SL.
The spontaneous emission noise is added to the amplitude and the phase with Fa and Fy, respectively. The laser
parameters used here are J˜ = 1/3, γc = 5.36×1011s−1, γn = 5.96×109s−1, γp = 7.53×109s−1, γs = 19.1×109s−1,
and b = 3.2. The relaxation resonance frequency of the lasers used in this simulation are fr = 10.25 GHz. Fa
and Fy are the normalized noise related to the spontaneous emission rate of the semiconductor laser. By varying
the operational parameters, such as ξ1, ξ2, Ω1, and Ω2, we can get microwave signals with high-frequency, high
stability, and continuous tunability.
3. RESULTS AND DISCUSSIONS
Figures 2(a) and (b) show the optical spectra of the SL when it is injected independently by the ML1 and the
ML2, respectively. The detuning frequencies of the ML1 and ML2 relative to the SL are −50 and −20 GHz and
the injection strengths of the ML1 and ML2 to the SL are 0.8 and 0.3, respectively. With the injection, the
SL is injection-locked by either of the master lasers and oscillates at the frequencies of the master lasers. To
generate high-frequency microwave signals, a double injection locking technique is used that the SL is injected
simultaneously by the ML1 and the ML2. The optical and power spectra of the SL under the injections from
both the ML1 and the ML2 seen in Figs. 2(a) and (b) are shown in Figs. 2(c) and (d), respectively. As can be
seen, a microwave signal with a frequency of 30 GHz corresponding to the detuning frequency between the ML1
and ML2 is generated.
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Figure 2. The optical spectra of the SL subject to optical injection from (a) the ML1 and (b) the ML2. The (a) optical
and (b) power spectra of the SL subject to optical injections from both the ML1 and ML2. The detuning frequencies of
the ML1 and ML2 relative to the SL are -50 and -20 GHz and the injection strengths of the ML1 and ML2 to the SL are
0.8 and 0.3, respectively.
(a) (b)
(c) (d)
Figure 3. Optical and power spectra of the SL with the (a)-(b) single injection and (c)-(d) P1 injection schemes,
respectively.
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To compare with the microwave signals generated by the period-one (P1) oscillation of a single injection
scheme, the optical and power spectra of the SL under a P1 state and the SL optically injected by a P1 state are
shown in Figs. 3(a)-(d), respectively. Although similar high-frequency microwave signals can be generated, the
linewidths of the generated signals are much broader than the signal generated by the double injection-locked
system as can be seen in Fig. 2(d).
Figure 4. Linewidths of the microwave signals generated by the double injection-locked, single injection, and the P1
injection schemes.
Figure 4 shows the linewidths of the high-frequency signals generated by the double injection-locked, single
injection, and the P1 injection schemes. 3-dB Linewidths of 66.4 MHz, 50.6 MHz, and 19.2 MHz are obtained for
the single injection, the P1 injection, and the double injection-locked schemes, respectively. As the result, through
double injection locking, a 3-fold reduction in the linewidth can be achieved in microwave signal generation
compared to the conventional single injection and the P1 injection schemes.15
Figure 5. Tunability of the microwave signals generated by the P1 state (black square) and the double injection locking
(red line)
Figure 5 shows the tunability of the microwave signals generated by the double injection-locked and the single
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injection schemes. For the single injection scheme, the frequency of the generated P1 state can only reach about
30 GHz. With stronger injection, the SL becomes stably locked. With larger detuning, the SL becomes unlocked.
Moreover, the generation of the P1 state is not continuous and is interrupted by other dynamical states such as
chaos. On the contrary, the frequency of the microwave signal generated by the double injection-locked scheme
can be tuned continuously up to more than 100 GHz. The magnitudes of the signals vary less than ±5 dB.
Figure 6. Modulation response of the double injection-locked and the single injection schemes.
Figure 6 shows the modulation response of the double injection-locked and the single injection schemes.
As can be seen, with an injection strength of 0.2, the modulation bandwidth of the single injection scheme
is enhanced to about 20 GHz compared with the 10.25 GHz relaxation oscillation frequency. With the same
total injection strength from both the ML1 and the ML2, higher modulation response is obtained in the double
injection-locked scheme as can be seen. About 20 dB gain is found in most part of the spectrum compared to
the single injection scheme.
(a) (b)
Figure 7. (Color online) Optical and power spectra of a 110 GHz high-frequency microwave signal generated with
Ω1 = 40, Ω2 = -70, ξ1 = 0.8, and ξ2 = 0.85.
With detuning frequencies of Ω1 = 40 and Ω2 = −70 GHz and injection strengths of ξ1 = 0.8 and ξ2 = 0.85,
a microwave signal of 110 GHz is generated. The optical and power spectra of the generated signal are shown
in Figs. 7(a) and (b), respectively. Although some side modes are seen in the power spectra, they have the
magnitudes of more than 60 dB below the high-frequency signal generated.
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4. CONCLUSIONS
In conclusion, we have numerically investigated the high-frequency microwave signal generation utilizing a double
injection locking technique. By double injections, the microwave signal generated can be continuously tuned
within a range of more than 100 GHz. Compared with the microwave signals generated by the single injection
and the P1 injection schemes, a more than 3-fold reduction in the spectral linedwidth is achieved due to the strong
phase-locking and high coherence. Less power ﬂuctuation and continuous tuning in the whole frequency range is
obtained. Moreover, enhancements of about 20 dB in the modulation response compared with the single injection
scheme is also achieved. Experimental demonstration of generating a 120 GHz high-frequency microwave signal
with the proposed double injection-locked scheme has been realized and will be reported separately.
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